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Picosecond seeding pulses derived from a CW source and electroabsorption modulator operating at a l0GHz repetition rate have been used with gain saturation and nonlinear conversion in a high power fibre Raman amplifier to provide a broadband, 100nm, spectral continuum with an average power > 1W.
Introduction: Broad bandwidth spectral continuum generation has been achieved in a number of ways in optical fibre. Systems have been demonstrated which rely solely on parametric interactions [ 1, 21 while other schemes make use of stimulated Raman scattering and superfluorescence [3 -6, 101. These continua provide a means of generating ultrashort pulses over a wide range of wavelengths [7] and spectral slicing can be used to produce wavelength division multiplexing sources [8] . In addition, they can be used for loss and dispersion measurement in optical fibre [9] , component characterisation, low coherence tomography [lo] and other applications. In this Letter we report the generation of a lOOnm spectral continuum centred around 1560nni in a fibre Raman amplifier, A directly modulated, low power source at 1562nm was used to extract a power of 1.2W for an amplifier pump power of 2.8W (42% conversion efficiency). The spectral continuum resulted from four wave mixing close to the dispersion minimum, stimulated scattering processes and the broad Raman gain bandwidth in fused silica. 
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Experiment Fig. 1 shows) a schematlic diagram of the experimental fibre Raman amplifier configuration. The pump laser was a CW cascaded-Raman fibre laser with an oulput wavelength of 1455nm. This provided a maximum in-fibre pump power of 3.lW with a spectral width of ;!nm. Pumping was via the optical circulator OCl and a lOkm dispersion shifted fibre was used as the gain medium. The residual pump power was directed to port 3 of the second circulator, OC2. A counter-propagating pump geometry was employed with the signal entering the gain fibre through OC2 and output at OCI. The optical circulators had an insertion loss of 1 dB. At a pump wavelength of 1455nm the peak of the Raman gain lies at 1555nm and the measured 3dB gain bandwidth of this amplifier was 25nm.
The signal source consisted of a tiinable laser source which was directly modulated by an electroabsorption modulator at a repetition rate of 1 OGHz . An in-line erbium fibre amplifier was used to overcome the associatedl insertion loss of the modulator and a length of dispersion compensating libre was used to compensate for the slight chirp produced by the device. The resulting pulses were transform limited with a duration of 7ps. A second erbium amplifier was used to increase and allow selectivity of the signal power before launching into the Ratnan amplifier.
Results und discussion: The input signal power was varied with the pump power fixed at 2.8W. As expected, a progressive spectral broadening was observed as the power was increased. The resulting spectrum was not syinnietric about the signal wavelength, with a greater power being produced ai. wavelengths longer than the signal. As a result of the highly stable pump laser and the seeding of the system with a directly moduhted source, the output power was observed to be stable and reguliar. At a signal input power of 18mW the output power was 1.2W, showing an 18dB gain. The corresponding spectrum is shown in Fig. 2 . Integration of the spectrum shows that 20% of the output power is within 2nm of the signal wavelength. Of the remaining energy, 13% is at wavelengths shorter than 1560nm and 67%) is at wavelengths longer than 1564nm. The spectral intensi1.y of this continuum is greater than 1 mW/nm over a lOOnm rang:: with an average value of over Vol. 34 No. 23 1OmWhm. This energy distribution can be explained as follows. Radiation is generated at shorter and longer wavelengths than the signal as a result of parametric four wave mixing and self-phase modulation. Additional radiation i s produced at wavelengths longer than the signal, where the dispersion is anomalous, due to modulation instability and self-Raman interaction. The above accounts for the asymmetry in the spectrum shown in Fig. 2 . Background-free second harmonic autocorrelation measurements were made of the amplifier output to confirm this. An autocorrelation spike with an FWHM of 900fs and a broad pedestal were observed. This is shown in Fig. 3 . It was found that the short pulse components lay at wavelengths longer than that of the input signal where the dispersion was anomalous aiid the broad pedestal is formed by the dispersive wave component as i s well described by theory [ 1 11.
Conclusion:
Broad bandwidth continuum generation has been demonstrated, based on a fibre Raman amplifier. The system demonstrated has a repetition rate of lOGHz, high output power and a broad bandwidth. The stability of the amplifier and the seeding of this amplifier with a directly modulated source ensure that the output is regular and stable. These qualities make this a useful source for fibre measurement and sensing, as well as of tunable radiation. A high pump to signal conversion efficiency in a fibre Raman amplifier operating under conditions of gain saturation has been demonstrated and is reported elsewhere.
'Flatly broadened supercontinuum spectrum generated in a dispersion decreasing fibre with convex dispersion pi-ofile', Elecrron. Lett Sulphide glasses are promising candidates for host materials for use in Pr-doped fibre amplifiers due to their low phonon energies and good rare-earth solubility, but they are difficult to draw into fibres. As reported earlier, Ga-La sulphide glasses modified with alkali halides retain the desired characteristics, and in addition show improved fibre-drawing characteristics and lower absorption in the UVi'i-isible region of the spectrum [l] . For use in amplifiers, it is also important that nonlinear coefficients of the host material, such as the intensity dependent index of refraction n, and the twophoton absorption coefficient p, be small. In this respect, sulphide glasses are less than ideal since they show among the largest nonlineaiities found in nonresonant materials [2] . The interaction of a light pulse with a material which has an intensity-dependent index of refraction will lead to distortions of the temporal, spatial, and spectral shape of the pulse, and induce changes in its polarisation. In extreme cases, it can lead to damage of the fibre through catastrophic self-focusing. Two-photon absorption (TPA) introduces loss for intense pulses and will therefore degrade signal quality and lead to heating of the fibre. Here we present measurements which show that the substitution of CsC1. which improves the fibre-drawing properties, also reduces the refractive optical nonlinearity by up to an order of magnitude.
The preparation of the glass samples i s described in [l] . The intensity-dependent index of refraction of a set of Ga-La sulphide glasses with composition 65GaS, ,(35-X)LaS, ,XCsCI, where X = 0, 5, 10. 15. 20. 25 and 30, was measured using spectrally-resolved two-beam coupling (SRTBC) [3] . This very sensitive technique allows the obsenation of very small nonlinear phase shifts. In SRTBC. an intense pump pulse and a weak probe pulse interact in a nonlinear medium. The pump pulse changes the index of refraction of the medium, so that the probe pulse experiences a timedependent nonlinear phase shift (pZIL. This cross-phase modulation is observable as a time-dependent instantaneous frequency If the intensity of the probe pulse is monitored at a fixed frequency o = w, + 6, then the pump-induced frequency modulation is observed as a time-dependent decrease or increase of the signal intensity. dcpcnding 011 Ihc t h c delay T bclween the pulllp and probe pulses. At T = 0, the pump and probe are perfectly overlapped, and cphrL is at a maximum; hence the signal, being the derivative of cpNi, goes through zero. TPA, on the other hand, will show a maximum for maximum temporal overlap.
Analysis shows that for negligible linear absorption, small nonlinear phase shifts, and pump and probe electric fields of the form E(f) = exp(-t2/2toz), the detected signal will be [3] 
